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Description 

HUMAN CNS CELL LINES AND METHODS OF USE THEREFOR 
5 Technical Field 

The present invention relates generally to CNS cell lines. The invention is 
more particularly related to conditionally-immortalized human CNS progenitor cell lines and 
to differentiated cells derived from such cell lines Such cell lines and/or differentiated cells 
may be used in the development of therapeutic agents for the prevention and treatment of 
0 neurological diseases and other conditions The present invention is also related to the use of 
such cell lines and/or differentiated cells in assays and for the study of CNS cell development, 
death and abnormalities. 



Background of the Invention 
15 The development of therapies for central nervous system (CNS) disorders has 

been hampered by the lack of human cells for research and development. Human CNS tissue 
is difficult to obtain and is not available on a regular basis Primary human CNS cultures 
derived from such tissue generally express neuronal markers and contain functional ion 
channels and neurotransmitter receptors, but such cultures have a limited life span (about one 
20 month), necessitating frequent dissections and plating. Accordingly, neither tissue nor primary 
cultures are capable of supplying the cells needed for extensive research and development 

Drug development is generally carried out using immortalized rodent cells, and 
the results are then extrapolated to humans Rodent neuronal progenitor cells have been 
immortalized with, for example, retroviral vectors encoding the myc oncogene or SV40 large 
25 T antigen (Bartlett et al , Proc. Natl. Acad. Sci. USA .V5:3255-32S9, 1988); Cepko, Ann. Rev. 
Neurosci. /2:47-65, 1989; Eves et al., Prnc. Nail. Acad. Set. USA #0:4373-4377. 1992; 
Frederiksen et al.. Neuron /.439-448, 1988; Gage et al., Ann. Rev. Neurosci. 159- 1 92, 
1995; Gao and Hatten, Development 120 1059-1070. 1994; Giordano et al , Exp Neurol. 
/-V:395-400. 1993, Lendhal and McKay. TINS /_?: 132-1 37, 1990; Mehler et al.. Nature 
30 362:62-65, 1993; Renfranz et al ., Cell rftf.713-729. 198S; Ryder et al.. ./ Newobio. 21.2S6- 
375, 1990; White et al., ./. Neurosci. /V:6744-6753, 1994; Whittemore and White, Brain Res. 
<5/J:27-40. 1993). However, in v-myc immortaiized cells, the mitotic activity of the oncouene 
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is always present; cells do not undergo differentiation, and channels and receptors are not 
functional. To allow differentiation, a temperature-sensitive mutant of SV40 large T-antigen 
(tsA58) has been used (Eves et al., Proc. Nail. Acad. Sei. USA 8<J >:4373-4377 1992; Mehler et 
al.. Nature 362:62-65, 1993) At the non-permissive temperature (39°C) the expression of T- 
5 antigen in transfected cells is considerably down-regulated. However, the progenitor cells can 
undergo only incomplete differentiation into neurons (Frederiksen et al., Neuron 7:439-448 
1988; Gao and Hatten, Development 120: 1059- 1070, 1994; Mehler et al.. Nature 3*52:62-65, 
1993; Renfranz et al.. Cell <5d:7 13-729, 1988; White et al., J. Neuro.sc/. /-/:6744-6753, 1994; 
Whittemore and White, Brain ties. 6/5:27-40, 1993) A combination of factors and substrates 
10 is needed to differentiate the cells further /// vitro, and complete differentiation of these cells 
has not been achieved. In addition, species differences continue to render the use of rat CNS 
cells problematic. In particular, the small variations in specific protein sequences between 
species may translate into significant effects when pharmacological agonists or antagonists are 
examined. 

15 Cloned human CNS channels and receptors provide a potential solution to this 

problem, but such cloned proteins are not present in their native environment (typically they 
are expressed in cell lines derived from non-CNS tissue, such as kidney (HEK 293) or cervical 
(HeLa) cells) and downstream signaling pathways are abnormal. Moreover, these receptors 
are heteromultimeric proteins and, while the exact stoichiometry of subunits is not known, it is 

20 likely that there are numerous subtypes with different subunit compositions Expressed 
receptor subunit combinations arc artificial and may not reflect those /'// vivo, and attempts to 
match native receptors with hcterologously expressed subunits have not been successful in a 
number of cases. Consequently, expressed channels and receptors differ fundamentally from 
their native counterparts and are not optimal for drug development. 

25 Human CNS lines containing functional native channels and receptors in their 

normal cellular environment would provide an infinite and homogeneous source of human 
CNS cells and would offer significant advantages for CNS drug discovery Currently, the only 
human cell line that can be differentiated into postmitotic CNS neurons is a human 
teratocarcinoma cell line (NT2) that, requires 6-10 weeks of complex in vitro manipulations for 

30 neuronal differentiation (Younkin et al., Proc. Natl. Acad ScL (ISA vYJ:2174-217S, 1993) 
This lengthy time period is inconvenient for basic research and prohibitive for use in hish- 
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throughput screens of thousands of compounds Human CNS lines that can be differentiated 
in a shorter period of time into neurons expressing functional receptors would clearly be 
preferable. Thus far, however, it has not been possible to generate such cell lines, and the 
techniques for generating the rat progenitor cell lines have been largely unsuccessful when 
5 applied to human cells. 

Accordingly, there is a need in the art for human CNS lines that may be readily 
differentiated and that express channels and receptors in their native forms The present 
invention fulfills these needs and further provides other related advantages 

10 Summary of the Invention 

Briefly stated, the present invention provides conditionally-immortalized human 
CNS progenitor cell lines capable of differentiation into astrocytes and/or neurons. In one 
aspect, the present invention provides a method for producing a conditionally-immortalized 
human CNS progenitor cell, comprising (a) plating human progenitor cells on a surface that 
15 permits proliferation; (b) adding growth medium to the cells; (c) transfecting the cells with 
DNA encoding a selectable marker and regulatable growth-promoting gene under conditions 
promoting expression of the growth-promoting gene; (d) passaging the transfected cells onto a 
substrate; and (e) adding growth medium supplemented with one or more proliferation- 
enhancing factors to the transfected cells. 
•° In a related aspect, the present invention provides a conditionally-immortalized 

clonal human CNS progenitor cell capable of differentiation into neurons and astrocytes. 

In another aspect, a method for producing astrocytes and/or neurons is 
provided comprising culturing a cell produced as described above under conditions inhibiting 
expression of the growth-promoting gene. In a related aspect, astrocytes and neurons 
5 prepared as described above are provided. 

In yet another aspect, the present invention provides a method for introducing a 
CNS cell into a mammal, comprising administering to a mammal a cell as described above. 

In a related aspect, a method for treating a patient is provided, comprising 
administering to a patient a cell as described above. 
0 In a further aspect, the present invention provides methods for screening for an 

agent that modulates activity of a protein produced by a CNS cell, comprising (a) contacting a 
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cell as described above and (b) subsequently measuring the ability of said candidate agent to 
modulate activity of a protein produced by said cell. 

In yet another aspect, a method for detecting the presence or absence of a 
protein in a sample is provided comprising (a) contacting a sample with a cell as described 
above and (b) subsequently detecting a response in said cell, and thereby detecting the 
presence of a protein in said sample. 

In a further aspect, the present invention provides a method for identifying a 
human CNS gene or protein, comprising detecting the presence of a gene or protein within a 
culture of cells as a^scrtBe^'aBoveT' 

In another aspect, a method is provided for screening for an agent that affects 
CNS cell death, comprising (a) contacting a cell as described above with a candidate agent 
under conditions that, in the absence of candidate agent, result in death of said cell and (b) 
subsequently measuring the ability of said candidate agent to affect the death of said cell. 

In a related aspect, the present invention provides a method for screening for a 
protein that regulates CNS cell death, comprising (a) altering the level of expression of a 
protein within a cell as described above and (b) subsequently measuring the affect of said 
alteration on the death of said cell, and thereby identifying a protein that regulates CNS cell 
death. 

In a further aspect, conditionally-immortalized human CNS progenitor cells are 

provided. 

These and other aspects of the present invention will become apparent upon 
reference to the following detailed description and attached drawings All references disclosed 
herein are hereby incorporated by reference in their entirety as if each was incorporated 
individually. 

Brief Description of the Drawing s 

Figure 1 is a photograph of representative immortalized human CNS progenitor 
cells stained for BrdU or v-myc. after growth in the absence (-) or presence (+) of tetracycline 
(Tc, lu.g/mL for 6 days). The calibration bar represents 20 \.iM 
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Figure 2 is a photograph of a representative human CNS progenitor eel! line 
(B4) after 7 days of culture in the absence (left panel) or presence of tetracycline and retinoic 
acid for 1 day, followed by tetracycline, high K\ NT-3 and BDNF for 6 days (right panel). 

Figures 3 A and 3B are photographs showing the result of immunofluorescence 
5 staining of representative immortalized human CNS progenitor cells for the neuronal marker 
MAP2a/b (Figure 3A) and the astrocytic marker GFAP (Figure 3B). after growth in 
tetracycline for 6 days. The calibration bar represents 20 urn. 

Figures 4A, 4B and 4C are histograms showing the percentage of 
representative immortalized human CNS progenitor cells labeled with antibodies against 
10 MAP2 (Figure 4 A), GFAP (Figure 4B) and NMDAR1, GluRl, GluR2/3 and GluR5/6/7 
(Figure 4C). In each case, the percentage of cells labeled before (white bars) and after (dark 
bars) culturing in the presence of tetracycline for 6 days is shown. 

Figures 5A and 5B depict the results of electrophysiological analysis of 
voltage-dependent sodium current in a representative immortalized human CNS progenitor 
15 cell after differentiation. The cell was maintained at a holding potential of -80m V and 
depolarized to test potentials ranging from -75 mV to +85 mV. Current traces are shown in 
Figure 5A, and the peak current-voltage relationship is shown in Figure 5B 

Figures 6A, 6B, 6C and 6D are histograms showing the effect of varying 
differentiation conditions on voltage- and ligand-gated currents in representative immortalized 
20 human CNS progenitor cells. Figure 6A shows the sodium current. Figure 6B shows the 
NMDA current. Figure 6C shows the kainate current and Figure 6D shows the GABA 
current. In each case, the current without differentiation (column I , FGF-2) is shown, along 
with the current in cells differentiated with tetracycline (Tc) alone (column 2); Tc, hiah K\ 
NT-3 and BDNF (column 3); Tc and RA (column 4); Tc and FSK (column 5) and Tc and 
25 dbcAMP (column 6). 

Figure 7 is a photograph showing the results of immunoperoxidase staining of 
representative immortalized human CNS progenitor cells (cultured in the presence of 
tetracycline for 1 week) for the receptor subunits NMDAR1. GluRl, GluR2/3, GluR4, 
GluR5/6/7 and GABARa, as indicated. 
30 Figures 8A and 8B depict the results of electrophysiological analysis of 

NMDA-gated current in representative immortalized human CNS progenitor cells 
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differentiated by growth in medium containing tet, high K\ NT-3 and BDNF. Currents in 
Figure 8A were elicited by agonist application (indicated by the bar) at the" different holding 
potentials shown. The current-voltage relationship for these responses is shown in Figure 8B 
Figures 9A and 9B depict the resu.ts of electrophysiological analysis of kainate- 
5 gated current in representative immortalized human CNS progenitor cells differentiated by 
growth in medium containing tet and RA. Currents in Figure 9A were elicited by agonist 
application (indicated by the bar) at the different holding potentials shown. The current- 
voha J e , r e l ationshi P for these responses js shown in Fig|jrg 9^ 

Figures 10A and 10B depict the results of electroph^ioIogicTIalysis of 
10 GABA-gated current in representative immortalized human CNS proeenitor cells 
d.fferennated by growth in medium containing tet and dbcAMP Currents in Figure I OA were 
elicited by agonist application (indicated by the bar) at the different holding potentials shown 
The current-voltage relationship for these responses is shown in Figure 1 OB. 

Figures I 1 A and 1 1 B are histograms showing the number of cells per field 
5 (Figure 1 1 A) and the percent of cells .abe.ed by BrdU (Figure 1 , B) for a representative human 
clonal CNS progenitor cell line (C2) following culture in the presence of FGF-2 (column 1) 
FGF-2 and EGF (column 2), FGF-2 and PDGF A/B(column 3) or FGF-2. EGF and PDGF 
A/B (column 4) In each case, the level of FGF-2 was 40 ng/mL When added the level of 
human recombinant EGF was 40 ng/mL and the .eve. of human recombinant PDGF A/B was 
20 ng/mL. 

Figures 12A and 12B are histograms depicting the number of cells per field 
(Figure 12A) and the percent of cells labeled by BrdU (Figure I2B) for a representative human 
clonal CNS progenitor cell line (C10) following culture in the presence of FGF-2 (column 1) 
FGF-2 and EGF (column 2), FGF-2 and PDGF A/B(column 3) or FGF-2. EGF and PDGF 
A/B (column 4). ,n each case, the level of FGF-2 was 40 ng/mL. When added, the level of 
human recombinant EGF was 40 ng/mL and the level of human recombinant PDGF A/B was 
20 ng/mL. 

Figure 13 is an autoradiogram showing the DNA fragment sizes that hybridize 
to a v-myc probe following enzyme restriction of genomic DNA prepared from the 
representative clonal cel. lines C2 (lanes 1. 3 and 5) and C10 (lanes 2, 4 and 6) The DNA 
was digested with BamHI (lanes 1 and 2), EcoR. (.anes 3 and 4) or Hindlll (lanes 5 and 6) 



9810058A1J 



WO 98/10058 

- PCT/US97/15442 



Figures 1 4 A, 14B and I4C are histograms depicting the percent of cells within 
a representative conditionally-immortalized human clonal CNS cell -line (B4) that are 
immunoreactive with probes for BrdU (Figure I4A, solid bars), v-myc (Figure 14A, hatched 
bars), MAP2a/b (Figure 14B. solid bars), NF200kD (Figure 14B, hatched bars), GFAP 
5 (Figure I4C, solid bars) or GalC (Figure 14C, hatched bars) In each case, the 
immunoreactivity was evaluated in proliferative conditions (growth medium containing FGF-2, 
EGF, PDGF A/B and conditioned medium) and in differentiation conditions (after growth in 
the presence of tetracycline, Tc, for 5 days). 

Figure 15 is a Western blot of the level of MAP2a/b in human fetal brain tissue 
10 (lane I), differentiated B4 cells (lane 2) or proliferating B4 cells (lane 3). Different.ated B4 
cells were grown in medium containing tct and RA for I day, followed by growth in medium 
containing tct, high K\ NT-3 and BDNF for 5 days. 

Figure 16 is a histogram illustrating the percent of cells within a representative 
conditionally-immortalized human clonal CNS cell line (B4) that are immunoreactive with 
15 probes for MAP2a/b (dark bars) or GFAP (white bars) following differentiation under a 
variety of growth conditions Cells were differentiated in the presence of tetracycline (Tc. 
columns 1-2). tetracycline and forskolin (Tc/FSK. columns 3-4), tetracycline and PMA 
(Tc/PMA, columns 5-6); tetracycline, followed by tetracycline and rat serum (Tc; TcRS, 
columns 7-8); tetracycline, followed by tetracycline and human serum (Tc; TcHS, columns 9- 
20 10); tetracycline. NT-3. BDNF and GDNF (TNBG, columns 11-12); tetracycline. NT-3, 
BDNF, GDNF and retinoic acid (TNBG/RA. columns 13-14); tetracycline. NT-3. BDNF, 
GDNF and forskolin (TNBG/FSK. columns 15-16); tetracycline. NT-3, BDNF, GDNF and 
PMA (TNBG/PMA. columns 1 7- IS); tetracycline. NT-3, BDNF. GDNF, retinoic acid and 
forskolin (TNBG/RA/FSK. columns 19-20); tetracycline, NT-3. BDNF. GDNF. forskolin and 
25 PMA (TNBG/FSK/PMA. columns 21-22); tetracycline. NT-3. BDNF, GDNF, retinoic acid 
and PMA (TNBG/RA/PMA. columns 23-24); tetracycline, NT-3. BDNF and GDNF. followed 
by tetracycline. NT-3, BDNF. GDNF and human serum (TNBG; TNBG/HS, columns 25-26); 
tetracycline, NT-3. BDNF and GDNF. followed by tetracycline, NT-3, BDNF, GDNF and rat 
serum (TNBG; TNBG/RS. columns 27-2S). 
30 F 'S ur e 1 7 is a diagram illustrating a model for human CNS linea«e. 
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Figure 18 is a histogram illustrating the levels of glutamate receptor subunits in 
a representative differentiated human clonal CNS progenitor cell line (B4) The levels are 
presented as percent immunoreactive cells, and the subunits assayed were GluRl (column 1), 
GluR2/3 (column 2), GluR5/6/7 (column 3) and NRI (column 4). 
5 Figure 19 is a photograph illustrating the PCR analysis of a representative 

differentiated human clonal CNS progenitor cell line (B4) for glutamate receptor subunit 
mRNA. PCR was performed using primers specific for GluRl (lanes 2 and 3), GluR2 (lanes 4 
and 5), GluR3 (lanes 6 and 7), GluR4 (lanes 8 and 9), GluR5 (lanes 10 and II), GIuR7 (lanes 
12 and 13) Vnd 0-actin as a control (fanes 14 and 15) In each case, even numbered lanes 

10 represent analysis after growth in proliferating conditions and odd numbered lanes represent 
analysis after differentiation. Hinfl DNA markers are shown in lane I 

Figure 20 is a graph showing the time course of basal apoptosis during 
differentiation of a representative human clonal CNS progenitor cell line (B4) The percentage 
of apoptotic nuclei was determined by DAP1 staining after 0 to 10 days of differentiation in 

15 tetracycline alone (Tc); tetracycline, NT-3, BDNF and GDNF (TcNBG); or tetracycline and 
retinoicacid for 1 day, followed by tetracycline, high k , NT-3 and BDNF (TcRA;TcKNB) as 
indicated. 

Figures 21 A and 21 B are histograms showing the cftcct of growth factor 
withdrawal on the number of viable neurons (Trypan blue negative. Figure 21 A) and the 

20 percent of apoptotic nuclei (DAP1 staining. Figure 2 IB) within a representative differentiated 
clonal human CNS progenitor cell line (B4). In each case, the first column represents the 
value obtained in the presence of growth factors, and the second shows the value following 48 
hours (Figure 21 A) or 18 hours (Figure 2 IB) of growth factor withdrawal. B4 cells were 
differentiated by growth with let, NT-3, BDNF and GDNT for 6-7 days. 

25 Figure 22 is a histogram showing the number of viable neurons per field 

(assessed by Trypan blue exclusion) 48 hours after the addition of TNFct (0, 0.05, 0.2, 1 or 10 
ng/mL, as indicated) to a representative differentiated clonal human CNS progenitor cell line 
(B4). B4 cells were differentiated by growth with tet * RA for 1 day, followed by tet. hiuh 
K\ NT-3 and BDNF for 6 days. -. 

3° Figure 23 is a photograph illustrating the extent of DNA laddering in DNA 

prepared from representative differentiated human CNS progenitor cells (clone B4) and 
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analyzed by gel electrophoresis. Lane 1 shows the control DNA, lane 2 shows DNA prepared 
from cells treated with TNFa (10 ng/mL), lane 3 shows DNA prepared from cells treated with 
TNFct and DMSO and lane 4 shows DNA from cells treated with TNFa and the peptide 
aldehyde inhibitor Z-VAD (Z-Val-Ala-Asp-Ch 2 F) at 80 uM. 
5 Figure 24 is a Western blot showing the level of amyloid precurser protein 

(APP) expression in human fetal brain (lane 1). and in a representative clonal human CNS 
progenitor cell line (B4) after growth in proliferating conditions (lane 2) or in differentiating 
conditions (lane 3). The position of size markers is shown on the left, and the location of APP 
is indicated by the arrow on the right. 
10 Figures 25 A, 25B and 25C arc histograms depicting the percent of cells within 

a representative human clonal CNS progenitor cell line (C2) that arc immunoreactive with 
probes for BrdU (Figure 25A. solid bars), v-myc (Figure 25A. hatched bars), MAP2a/b 
(Figure 25B, solid bars), NF200kD (Figure 25B. hatched bars), GFAP (Figure 25C, solid 
bars) or GalC (Figure 25C, hatched bars). In each case, the immunoreactivity was evaluated 
15 in cells grown in proliferative conditions (growth medium containing FGF-2. EGF, PDGF and 
conditioned medium, columns 1-2) and in differentiation conditions (in the presence of 
tetracycline, Tc, for one week, columns 3-4). In figures 25B and 25C. the immunoreactivity 
was also evaluated in cells grown in tetracycline and RA for one week (Tc/RA, columns 5-6) 
and in cells grown in tetracycline, high K\ NT-3 and BDNF for one week (Tc/K/N/B, 
20 columns 7-8) 

Figures 26A, 26B and 26C are histograms depicting the percent of cells within 
a representative conditionally-immortalized human clonal CNS cell line (CIO) that are 
immunoreactive with probes for BrdU (Figure 26A, solid bars), v-myc (Figure 26A, hatched 
bars), MAP2a/b (Figure 26B, solid bars), GFAP (Figure 26B, hatched bars), GalC (Figure 

25 26C. solid bars) or fibronectin (FN) (Figure 26C. hatched bars). In each case, the 
immunoreactivity was evaluated in cells grown in proliferative conditions (growth medium 
containing FGF-2. EGF. PDGF and conditioned medium, columns 1-2); in the presence of 
tetracycline for one week (Tc. columns 3-4); in tetracycline and RA for one week (Tc/RA, 
columns 5-6) and in cells grown in tetracycline, high K\ NT-3 and BDNF for one week 

30 (Tc/K/N/B, columns 7-8). 
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Figures 27 A and 27B are histograms depicting the percent of cells within a 
representative human clonal CNS cell line (E5) that are immunoreactive with probes for 
MAP2a/b (Figure 27A) and GFAP (Figure 27B). In each case, the immunoreactivity was 
evaluated in cells grown in proliferative conditions (growth medium containing FGF-2. column 
1); in the presence of tetracycline for one week (Tc, column 2); in cells grown in tetracycline, 
high K\ NT-3 and BDNF for one week (TKNB. column 3) and in tetracycline and RA for one 
week (Tc/RA, column 4). 

Detailed Descript ion of the Invenrinp 

As noted above, the present invention is generally directed to conditionally- 
immortalized human CNS progenitor cell lines, differentiated cells generated from such cel. 
lines and methods of using such progenitor and/or differentiated cells. In particular, the 
present invention is directed to conditionally-immortalized human CNS progenitor cell lines 
capable of differentiation (within a relatively short period of time) into astrocytes and/or 
5 neurons, and to the use of such compositions for drug discovery and development, 
transplantation studies, therapeutic methods and a variety of assays. Conditionallv- 
immortal.zed human CNS progenitor cell lines of the present invention may. but need not. be 
clonal cell lines. The cell lines described herein provide an infinite, renewable supply of 
• homogeneous cells and farther facilitate CNS druj. development by circumventing the 
0 problems associated with species differences, the lack of a native cellular environment and 
variations in endogenous subunit combinations. Furthermore, since the immortalization 
process arrests cells a, specific stages of development, cells at particular stages in the linear 
can be isolated, characterized and used in a variety of methods described herein. Such cell 
lines can differentiate into cells expressing specific receptor subtype profiles and can provide 
5 information about the existence of multi-potent, neuronal and glial progenitor cells in the 
human CNS. 

Conditionally-immortalized human progenitor cells may generally be prepared 
from any human fetal or adult tissue that contains progenitor cells. Suitable tissues will be 
apparent to one of ordinary skill in..the art. and include unspecified or specified regions such 
as, but not limited to. hippocampus, septal nuclei, cortex, cerebellum, ventral mesencephalon 
and/or spinal cord. Preferably, the tissue source is human fetal CNS tissue which mav be 
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obtained from, for example, Advanced Bioscience Resources, Inc. (Alameda, CA) Fragments 
of the tissue are first dissociated using standard techniques to yield a single-cell suspension. 
The cells arc then plated on a surface that does not substantially inhibit proliferation (/.<?.. the 
surface permits at least 20% doubling in a 24 hour period). Suitable surfaces include tissue 
5 culture plastic and surfaces treated with fibronectin. The cells are plated in a suitable medium 
(e.g., DMEM/F-12, with 10% fetal calf serum) at a density ranging from about I0 6 to 10 7 , 
and preferably about 8 x I0 6 cells per 100 mm dish. This step of plating on a suitable surface 
is critical for the proliferation of human progenitor cells, and represents a departure from 
commonly used techniques for generating rat progenitor cells Approximately 16-36 hours 
10 later, the medium is generally replaced with a suitable growth medium, for instance one which 
contains N2 supplements and fibroblast growth factor (FGF-2) Preferably, the growth 
medium also contains epidermal growth factor (EGF), PDGF A/B and/or medium conditioned 
by perpetualized adult rat hippocampal progenitor cells, as discussed below For example, a 
suitable growth medium is DMEM/F-12 with 5 ng/mL insulin, 100 f.ig/mL transferrin, 20 nM 
15 progesterone, 30 nM sodium selenitc, 100 j.iM putrcscine and 40 ng/mL human recombinant 
FGF-2, 40 ng/mL human recombinant EGF, 20 ng/mL human recombinant PDGF A/B and 
50% conditioned medium. 

Human CNS progenitor cells may be conditionally immortalized by transfection 
of the plated cells with any suitable vector containing a growth-promoting uene (/.c\. a nene 

20 encoding a protein that, under appropriate conditions, promotes growth of the transfected 
cell) such that the production and/or activity of the growth-promoting protein is remilatablc by 
an external factor. In a preferred embodiment the growth-promoting gene is an oncogene 
such as, but not limited to, v-myc, N-myc % c-myc, p53, SV40 large T antigen, polyoma large T 
antigen, Ela adenovirus or E7 protein of human papillomavirus. 

25 External regulation of the growth-promoting protein may be achieved by- 

placing the growth-promoting gene under the control of an externally-regulatable promoter 
(/.t\. a promoter whose activity may be controlled by, for example, modifying the temperature 
of the transfected cells or the composition of the medium in contact with the ceils). For 
example, a tetracycline (tet)-controlled gene expression system may be employed (sec Gossen 

30 et aL Pn>c\ NatL Acad Set. USA /J9:5547-555 L 1992; Hoshimaru et aL Proc. Nat/. Acad. 
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Sc, USA 93,5.8-1523. .996). In the absence of tet. a tet-contro.lcd transactivator (tTA) 
w.thm th.s vector strongly activates transcription from phcMV-,, a minimal promoter from 
human cytomegalovirus fused to tet operator sequences. tTA is a fusion protein of the 
repressor (tetR) of the transposon- 1 0-derived tet resistance operon of K coli and the acidic 
5 domain of VP16 of herpes simplex virus. Low. non-toxic concentrations of tet (0.01-. 0 
ug/mL) almost completely abolish transactivation by tTA. 

In a preferred embodiment, the vector further contains a gene encoding a 
selectable marker te * poacuUtet confers dnug resist The- bact^l nebcin 
res 1S tance gene (neo*) is one such marker that may be employed within the presen, invention 
10 Cells carrying neo* may be selected by means known to those of ordinary skill in the art such 
as the addition of 100-200 ug /mL G4I 8 to the growth medium. 

Transfection may be achieved by any of a variety of means known to those of 
ordinary skill in the art including, but not limircd to. retroviral infeciion «n general a cel. 
culture may be transfeced by incubation with a mixture of conditioned medium collected from 
5 the producer cell line tor the vector and OMOM/f'l 2 containing N'2 supplements For 
example, a progenitor cell culture prepared as described above may be infected after five days 
/» vitro by incubation for about 20 hours in one volume of conditioned medium and two 
volumes of DMEM/F.2 containing N2 supp.emen.s such that the Una, concentrations of 
additives are 30/0 fetal «lf serum. 20 ng/mL FGF-2 and 4 M g/mL polybrene. Transited cells 
5 carrying a selectable marker may then be selected as described above 

Following transfection. cultures are passaged onto a surface that permits 
prohferation (,,. at least 30% of the cells double in a 24 hour period). Preferab.v the 
substrate ,s a po.yornithine/laminin substrate, consisting of tissue culture p.astic coated with 
po.yornithine (.0 ug/mL) and .aminin (.0 ug/mL). a po.y.ysine/laminin substrate or a surface 
treated with fibronectin. Cultures are then fed every 3-4 days with growth medium which 
may or may not be supplemented with one or more proliteration-cnhancint; factor, .t has 
been found, within the context of the present invention, that one or more such factors are 
necessary for maintenance of conditionally-immortalized CNS prouenitor cells Such 
proliferation-enhancing factors maybe found in medium conditioned by pernetualized adult rat 
h.ppocam P al progenitor cells (sec Gage et al.. hoc. Natl. Acad. Sci. USA 92:11870-1 1883 
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. 1995). Such conditioned medium may be prepared by collecting the growth medium from 
these cells every 3-4 days. Proliferation-enhancing factors may be added to the growth 
medium when cultures are less than 50% confluent. In a preferred embodiment, the growth 
medium added to cultures that are less than 50% confluent contains 50% medium conditioned 
5 by perpetualized adult rat hippocampal progenitor cells prepared as described above. It will be 
evident to one of ordinary skill in the art that proliferation-enhancing factors present in such 
conditioned medium may be identified using standard techniques, and such factors may be 
added to the growth medium in place of conditioned medium. 

The conditionally-immortalized CNS progenitor cell lines may be passaged 
10 using standard techniques, such as by trypsinization, when 80-95% confluent. Up to 
approximately the twentieth passage, it may be beneficial to maintain selection (by, for 
example, the addition of G4I8 for cells containing a neomycin resistance gene) Cells may 
also be frozen in liquid nitrogen for long-term storage. 

Clonal cell lines may be isolated from a conditionally-immortalized human CNS 
15 progenitor cell lino prepared as described above In general, such clonal cell lines may be 
isolated using standard techniques, such as by limit dilution or using cloning rings, and 
expanded. Clonal cell lines may generally be fed and passaged as described above. As 
discussed in greater detail below, proliferation rate and survival of the clonal cell lines may be 
enhanced by the addition of epidermal growth factor (EGF) and/or platelet derived growth 
20 factor (PDGF), along with FGF-2, to the growth medium. 

Conditionally-immortalized human CNS progenitor cell lines (which may, but 
need not, be clonal) may generally be induced to differentiate by suppressing the production 
and/or activity of the growth-promoting protein. For example, if the gene encoding the 
growth-promoting protein is under the control of an externally-regulatable promoter, the 
.5 conditions (e.y., temperature or composition of medium) may be modified to suppress 
transcription of the growth-promoting gene. For the tetracycline-controlled gene expression 
system discussed above, differentiation may be achieved by the addition of tetracycline to 
suppress transcription of the growth-promoting gene. In general, I jig/mL tetracycline for 4-5 
days is sufficient for neuronal and glial morphological differentiation. To promote farther 
0 differentiation, additional agents may be included in the growth medium. It has been found, 
within the context of the present invention, that improved differentiation mav be achieved in 
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growth medium containing tet, high K- (e.g.. 20 mM), ncurotrophin-3 (NT-3, e.g., 50 ng/mL) 
and brain-derived neurotrophic factor (BDNF. e.g.. 50 ng/mL). Other compounds that may be 
beneficial for differentiation include rctinoic acid (e.g.. I uM). forskolin (e.g.. 10 uM) and/or 
dibutyryl cAMP (e.g.. 0.5 mM) The use of such compounds is discussed in greater detail 
5 below. 

Characterization of both progenitor and differentiated eel! lines may generally 
be performed using techniques well known to those of ordinary skill in the art, including 
morphological analysis of cell type, immunofluorescence and PCR (to identify cell type- 
specific markers and receptors, and to confirm the presence of the growth-promoting gene) 
10 and electrophysiological analysis of voltage- and ligand-gated currents Briefly, neuronal cells 
may be identified morphologically based on the presence of phase bright cell bodies and long, 
thin processes, whereas astrocytes are characterized by phase-dark cell bodies and wide 
processes, if present Neuronal markers include MAP2a/b. tan and neurofilament, and glial 
markers include GFAP and GalC The presence or absence of such markers may be readily 
15 determined using standard immunofluorescence techniques (employing commercially available 
primary antibodies and lluorescenl reagents) and the levels of inRNA encoding such markers 
may be determined using PCR or hybridization techniques Electrophysiological analyses 
familiar to those of ordinary skill in the art may be employed to evaluate the sodium and 
calcium currents, as well as ligand-gated currents (e.g.. N-methyl-D-aspartate (NMDA), 
20 kainate (KA) and y-amino-n-butyric acid (GABA)). thereby determining the levels of 
functional channels and receptors. A sodium current of the neuronal form, which is similar to 
the values obtained for differentiated primary human CNS cultures (\ee Sah. ./. ,\'ewophvs/o/. 
74: 1 88*?- 1 899, 1995). may be observed. 

The conditionally-immortalized human CNS progenitor cells described herein 
25 may contain both neuronal and astrocytic human CNS progenitor cells Some clonal 
progenitor cell lines are multi-potent (i.e.. can give rise to both neurons and astrocytes). 
Other progenitor cells specifically generate either neurons or astrocytes upon differentiation. 
The differentiated cells derived from such cell lines express functional sodium and calcium 
channels, as well as glutamate and- GABA,\ receptors in the native environment with intact 
30 intracellular signaling pathways. 
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In certain aspects of the present invention, conditionally-immortalized human 
CNS progenitor'cell lines may be used in a variety of/// vitro assays and screens. In one such 
aspect, the cell lines may be used in /// vitro models of neuronal and glial cell death including, 
but not limited to, neuronal apoptosis induced by growth factor withdrawal and neuronal 
5 apoptosis induced by TNFct. Briefly, a clonal neuronal cell line (such as D4, described herein) 
may be differentiated under conditions designed to minimize the basal level of apoptosis. 
Suitable conditions may be readily identified by evaluating the percentage of apoptotic nuclei 
in cells grown under different test conditions The percentage of apoptotic nuclei may 
generally be determined by methods well known to those of ordinary skill in the art, such as by 
10 DAP! staining or the /// sin, nick end-labeling assay Suitable conditions for minimizing basal 
apoptosis include differentiation in the presence of I ug/mL tetracycline. 20 ng/mL NT-3. 20 
ng/mL BDNF and 20 ng/mL glial cell-derived neurotrophic factor (GDNF) Cells should be 
maintained in suitable differentiation conditions for a time sufficient to allow differentiation, 
while minimizing the basal level of apoptosis (which generally increases during the first 10 
IS days of differentiation) Under the representative conditions described above, about 5-7 days 
of differentiation is generally optimal, resulting in a culture in which less than about 5% of the 
cells are apoptotic. 

Such differentiated neuronal cells may then be employed in any of several 
models of apoptosis. In one such model, growth factors and N2 supplement arc withdrawn 
10 for an amount of time sufficient to significantly increase the percentage of apoptotic cells with 
condensed nuclei. Preferably, the percentage of such apoptotic cells increases by at least 
about two fold. Under the representative conditions described above, about 18 hours of 
withdrawal is generally sufficient. In another model, apoptosis may be induced by the addition 
of TNFa. A suitable amount of TNFa and exposure time may be readily determined by. for 
5 example, evaluating the viability of cells after varying amounts and times. A significant 
percentage of the cells should be rendered nonviable. Preferably, at least about 50% of the 
neurons are no longer viable following TNFa treatment. For the representative cells described 
above, about 1-10 ng/mL TNFa for at least 48 hours is generally sufficient. 

Regardless of the., particular model, the cells may be used to study the 
3 mechanisms of apoptosis. as well as the effect of various conditions and agents on the 
apoptosis of neuronal cells, using experimental techniques well known to those of ordinary 



WO 98/10058 



16 



PCT/US97/15442 



skill in the art. For example, the cells may be used to screen for an agent that affects CNS cell 
death. Such a screen may be performed by contacting the cells during growth factor 
withdrawal or TNFa treatment with a candidate agent and then evaluating the ability of the 
candidate agent to affect the subsequent level of apoptosis. Similarly, the cells may be used to 
5 screen for a protein that regulates CNS cell death. In such a screen, the level of expression or 
activity of a candidate protein (<>.#.. an enzyme) is altered within the cells (using standard 
techniques) and then the affect of the alteration on the level of apoptosis following treatments 

or 3-amyloid addition) is measured. 
10 In another aspect of the present invention, the cell lines described herein may 

be used within a system for studying protein and/or gene expression in a CNS cell 
environment For example, receptor expression and/or activity may be assayed, and the effect 
of various modifications on such expression and/or activity may be evaluated, using methods 
well known to those of ordinary skill in the art In one such method, cell lines may be 
15 permanently or transiently transfected with one or more genes of interest such as, but not 
limited to. genes that produce or modify membrane proteins, secreted proteins or intracellular 
proteins of interest Such genes include ion channels, neurotransmitter receptors, p-amyloid 
and/or MAP kinases The transfected genes may also be coupled to reporter genes (e.g.. 
luciferase) for use in drug development. Within this and other aspects described herein, 
20 conditionally-immortalized human CNS progenitor cells may be employed without 
differentiation, or differentiated cells may be used In addition, cells of varying ages and 
grown in any of a variety of conditions may be employed. The cell lines of the present 
invention have many advantages over existing cell lines for such studies, including the ability 
to provide clonal cell lines capable of producing neurons, astrocytes or both and the property 
25 of conditional-immortalization, which allows arrest at specific stages of development. The 
selection of particular cells for any given study will depend on the goals of the study, and 
those of ordinary skill in the art will be readily able to prepare appropriate CNS cells using the 
techniques described herein. 

In yet another aspect, the differentiated or undifferentiated conditionally- 
30 immortalized human CNS cell lines described herein may be used in any of a variety of nucleic 
acid and/or protein assays. To detect a particular nucleic acid sequence (i.e.. DNA and/or 
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RNA) within such CNS cells, the well known methods of PCR and various hybridization 
techniques may'be employed. Such assays may be readily designed and performed using 
methods described, for example, in Sambrook et al., Molecular Cloning: A Laboratory 
Manual, Cold Spring Harbor Laboratories, Cold Spring Harbor, N.Y., 1989. To detect a 
5 protein, the detection reagent is typically an antibody, which may be prepared as described 
below. There are a variety of assay formats known to those of ordinary skill in the art for 
using an antibody to detect a protein in a sample. See. e.g., Harlow and Lane, Antibodies: A 
Laboratory Manual. Cold Spring Harbor Laboratory, 1988. Antibodies for use in such assays 
may be polyclonal or monoclonal. Antibodies may be prepared by any of a variety of 
10 techniques known to those of ordinary skill in the art and monoclonal antibodies specific for a 
protein of interest may be prepared, for example, using the technique of Kohler and Milstcin, 
Eur. J. Immunol. 6\S \ 1-5 19, 1976, and improvements thereto. 

In a related aspect, the differentiated or undifferentiated conditionally- 
immortalized human CNS cell lines described herein may be used in any of a variety of screens 
15 for agents that modulate the activity of a protein produced by a human CNS cell Modulation 
includes the suppression or enhancement of the activity of the protein of interest. Such 
modulation may occur at the transcriptional or translational level, or may be the result of 
altering the activity of the intact protein. Modulation of protein activity may be direct {i.e., the 
modulating agent may interact directly with the protein of interest) or may be indirect (/.c\. the 
20 modulating agent may alter the expression and/or activity of one or more other proteins which 
in turn modulate the activity of the protein of interest). Modulating agents may be antibodies 
(e.g.. monoclonal), polynucleotides or other drugs. Agents that modulate the activity of any 
cellular protein may be identified within such screens. In particular, modulating agents may be 
identified for proteins such as neurotransmitter receptors (e.g.. AMPA-preferrinu receptors. 
25 kainate receptors, GABA receptors, adenosine receptors and/or S-HT receptors), growth 
factor receptors (e.g.. receptors for FGF-2, EGF, BDNF, NT-3, GDNF and/or TNFa) or ion 
channels (e.g.. sodium channels, calcium channels and/or potassium channels). 

In general, modulating agents may be identified by contacting a CNS cell as 
described herein with a test compound, and evaluating the effect of the test compound on the 
30 level or activity of the protein of interest using standard techniques, such as PCR or 
hybridization (for evaluating levels of mRNA) or any of a variety of immunoassays or 
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functional assays appropriate for the protein of interest. For example, calcium-sensitive or 
voltage-sensitive dye coupled assays. cAMI» measurements and/or receptor binding assays 
may be employed to evaluate the effect of a candidate modulating agent. In general, a suitable 
amount of antibody or other agent for use in such a screen will vary depending on the 
particular protein, but will range from about 10 jag to about 100 mg. 

In a further aspect, the human CNS progenitor cell lines described herein may 
be used in the identification of novel genes and proteins present in human CNS cells 
Conventional or newer techniques, such as PCR, differential display, hybridi^ti m .expression . 
library screens, immunoassays and two-hybrid screens may be employed for such 
identification. A particularly useful technique is differential gene screening. The clonal CNS 
cell lines described herein are particularly suited to such studies because they are derived from 
a single parental cell and. therefore. CNS cell-specific genes arc amplified with respect to non- 
clonal cell lines. Novel genes and proteins that are expressed upon experimental manipulation 
(<.'.#., induction of apoptosis) may also be identified. 

Condil ionally-immortalized human CNS progenitor ceil lines of the present 
invention may also be used in assays to detect the presence or absence of a particular protein 
in a sample. In general, an assay may be performed by contacting CNS progenitor cells with a 
sample and then measuring a response induced by the protein within the cells using methods 
familiar to those of ordinary skill in the art For example, a response may be measured using 
differential display techniques. 

In other aspects, the human CNS progenitor cell lines described herein may be 
used in >vm. in transplantation studies and for treatment of a patient. For example, cells may 
be introduced by intracerebral grafting into animals such as rats, mice or monkeys. Studies 
may address the differentiation of the cells when transplanted into the developing or adult 
CNS. The ability of the cells to serve as therapeutic agents in pathological conditions can also 
be examined. In particular, the cells themselves may have the capacity to functionally replace 
neurons that die in neurodegenerative disorders or may serve as sources of agents (such as 
trophic factors) that have therapeutic, benefit Such agents may be produced by endogenous 
genes or by genes transfected into the cells 

For treatment of a patient, conditionally-immortalized human CNS progenitor 
cells and/or modulating agents (as described above) may be administered to a patient (either 
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prophylactically or for treatment of an existing disease). Diseases that may be prevented 
and/or treated using human CNS progenitor cells and/or modulating agents include, but are 
not limited to, pathological conditions where neurons have degenerated, such as Alzheimer's 
disease, Parkinson's disease, amyotrophic lateral sclerosis, stroke and/or traumatic head injury. 
5 Cells may be introduced by, for example, stereotaxic implantation or intracerebral grafting into 
the CNS of patients. The cells themselves may have the capacity to functionally replace 
neurons that die in neurodegenerative disorders, or may serve as sources of agents (such as 
trophic factors) that have therapeutic benefit. Modulating agents may be administered by any 
of a variety of routes known to those of ordinary skill in the art Such agents may be 
10 administered in their active form, as prodrugs (i.e., compounds that arc converted to the active 
form within the patient) or as nucleic acid sequences encoding the modulating agent or 
prodrug CNS progenitor cells for use in this aspect of the present invention may, but need 
not, be further transfected such that they express one or more additional proteins (such as 
modulating agents) within the patient. 
15 ,; ° r administration to a patient, one or more human CNS progenitor cells 

(and/or modulating agents) are generally formulated as a pharmaceutical composition. A 
pharmaceutical composition may be a sterile aqueous or non-aqueous solution, suspension or 
emulsion, which additionally comprises a physiologically acceptable carrier (t.c, a non-toxic 
material that does not interfere with the activity of the active ingredient) Any suitable carrier 
20 known to those of ordinary skill in the art may be employed in the pharmaceutical 
compositions of the present invention The selection of a carrier will depend, in pan, on the 
nature of the substance cells or chemical compounds) being administered 

Representative carriers include physiological saline solutions, gelatin, water, alcohols, natural 
or synthetic oils, saccharide solutions, glycols, injectable organic esters such as ethyl oleate or 
25 a combination of such materials. Optionally, a pharmaceutical composition may additionally 
contain preservatives and/or other additives such as, for example, antimicrobial auents, anti- 
oxidants, chelating agents and/or inert gases, and/or other active ingredients. 

Routes and frequency of administration, as well doses, will vary from patient to 
patient and on the nature of the substance being administered. In general, the pharmaceutical 
30 compositions may be administered intravenously, intramuscularly, subcutaneousiy or 
intracavity. Doses are preferably administered daily. A suitable dose is an amount that is 
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sufficient to show improvement in the symptoms of a patient afflicted with a disease of the 
CNS or to inhibit the onset of such a disease Such improvement may be detected based on 
improvement and/or delay in clinical symptoms associated with the disease. In general, the 
amount of modulating agent present in a dose, or produced //; situ by DNA present in a dose, 
5 ranges from about I mg to about 200 mg per kg of host. Suitable dose sizes will vary with the 
size of the patient, but will typically range from about 0.1 mL to about 5mL for 10-60 kg 
animal. 

The following Examples are offered by way of illustration and not by way of 

10 limitation. 
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EXAMPLES 
Example 1 

5 l^Da^moJLand__Ch aracteri2ation of Human CNS Progenitor Cell Lines 

This Example illustrates the preparation of a representative conditionally- 
immortalized human CNS progenitor cell line 

' 0 A P ri ma ry C^l KJu 1 1 u re 

Proliferating primary cultures of human fetal CNS progenitor cells were 
established from whole human fetal brain tissue of 13 weeks gestational age, which was 
obtained through Advanced Bioscience Resources, Inc. (Alameda, CA). The tissue was 
procured in compliance with state and federal laws and regulations, including those set forth 
15 by the Uniformed Anatomical Gin Act and National Organ Transplant Act, and appropriate 
consent forms were used Drain tissue fragments were kept for approximately 24 hours at 4°C 
in Hank's balanced salt solution (with no calcium or magnesium) containing penicillin (50 
I.U./mL) and streptomycin (50 ng/mL) before dissociation. 

The tissue was dissociated enzymatically and maintained in culture for 5 days 
20 before retroviral infection. Enzymatic incubation was carried out for 6 minutes at _>7°C with 
gentle agitation in ?> mg/mL protease (Sigma Type XXIII, Sigma Chemical Co., St. Louis, 
MO) in calcium and magnesium-free Hank's. Following enzymatic incubation, the tissue was 
washed with warm calcium and magnesium-free Hank's, and then with warm enzyme inhibitor. 
The enzyme inhibitor consisted of trypsin inhibitor (1 mg/mL) and bovine serum albumin (1 
25 mg/mL). Brain tissue fragments were triturated approximately 15 times with a 10 mL pipette, 
and then spun at 1 000 rpm for .> minutes. The resulting pellet was resuspended in 1 mL of 
DMEM/F-12, with I0°/ o fetal calf scrum, and triturated with pipettes of decreasing bore size to 
yield a single-cell suspension. Cells were plated on tissue culture plastic in DMEM/F-12 with 
10°/o fetal calf serum, at a density of S x I0 ft cells per 100 mm dish. Approximately 24 hours 
30 later, the medium was replaced with growth medium consisting of DMEM/F-12 with N2 
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supplements (5 jtg/mL insulin. 100 Mjj/mL transferrin, 20 nM progesterone. 30 nM sodium 
selcnite, and 100 jaM putrescinc) and FGF-2 (human recombinant. 40 ng/mL). 

5 For immortalization, a retroviral vector (LINXv-myc) was used in which the v- 

myc oncogene is transcribed in a tet-regulated fashion {.sec Hoshimaru et al., Proc. Nail. Acad. 
Sci. USA *J:15I8-I523. 1996). For selection of the transfected cells, a gene conferring 
neomycin resistance [sal-so cloned into jhc vector. Zm%mim^3\l culxur e -s..(S~day* mvim* 
were infected by incubation for about 20 hours with a mixture of one volume of the 
10 conditioned medium collected from the producer cell line for LINXv-myc and two volumes of 
DMEM/FI2 containing N2 supplements The final concentrations of additives were 3% fetal 
calf serum. 20 ng/mL FGF-2 and 4 M g/mL polybrene. Cultures were then selected with 200 
MS/mL G4I8 If the cultures were less than 50% confluent, then they were fed growth 
medium containing conditioned medium (CM) Growth medium containing CM consisted of 
15 DMEM/F-12 with N2 supplements, FGF-2 (human recombinant. 20-40 ng/mL) 50% medium 
conditioned by perpetuated adult rat hippocampal progenitor cells (i.e.. growth medium 
collected from the cells every 3-4 days. For clonal cell lines, as discussed below, growth 
medium also contained (in some cases, noted below) EGF (human recombinant, 40 ng/mL) 
and PDGF A/B (human recombinant. 20 ng/mL). 

20 

C Expatislo.tl.and.l'a^sauinu of Immortalized Cult ure 

After retroviral infection, cultures were passaged onto a polyornithine/laminin 
substrate, consisting of tissue culture plastic coated with polyornithine (10 u.g/mL) and laminin 
(10 ng/mL). and fed every 3-4 days with growth medium with (<50% confluency) or without 

25 (>50% confluency) CM. Up to passage -20, 100-200 ug/mL G418 was included in the 
growth medium approximately every other feeding. Cultures were passaged by trypsinization 
when S0-95% confluent Typically, cultures were split 1.3, resulting in about 5 to 25 x I0 ? 
cells seeded per cnv. To freeze cells for long-term storage in liquid nitrogen, cultures were 
trypsinized and resuspended in N2 medium containing FGF-2. 10% DMSO and. in some 

30 cases. 50% heat-inactivated fetal bovine serum 
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By day 10 /// W/r«. a .significant amount of cell death had occurred, and 
colonies began to appear. The culture was then switched to growth medium containing CM. 
By day 18 in vitro, only distinct colonies remained. These colonies consisted of about 20-40 
flat, phase-dark polygonal cells, with no processes or short processes Morphologies were 
5 homogeneous within a colony, and varied slightly between colonies. Approximately 10 
colonies were present on a 100 mm dish, indicating that about 1 of 10* cells initially seeded 
had been successfully immortalized. 

In the proliferative growth condition, the immortalized cells exhibited a mean 
doubling time of 48 hours (based on cell counts, data not shown) and have surpassed 85 
10 doublings. To further assess proliferation as well as incorporation of the oncogene, 
immortalized human fetal CNS cells were labeled for bromodeoxyuridine (BrdU) and v-myc. 
Cultures were processed for immunohistochemistry 3-1 I days after passaging. Cells were 
fixed for 10-30 min with 4% paraformaldehyde (for most antigens), in methanol (for v-myc), 
or in 4% paraformaldehyde followed by 2N HCI and then 0 IM sodium borate (for BrdU) 
15 For immunofluorescence staining, the cells were then incubated sequentially with the primary 
antibody in PBS containing 10% donkey serum and 0 25% Triton X-100 overnight at 4°C 
followed by fluorescein-conjugated or Texas red-conjugated secondary antibody (Jackson 
Immunoresearch Laboratories. Inc.. West Grove. PA) used at 1:500 for 1 hour at room 
temperature. The cultures were rinsed and coverslipped with Vectashield (Vector 
20 Laboratories. Burlingame, CA) before scoring and photographing representative fields 
Primary antibodies used for immunofluorescence were polyclonal antibodies against v-myc 
(Caltag, Burlingame, CA) and monoclonal antibodies against BrdU (Boehringer Mannheim, 
Indianapolis! IN). 

As shown in Figure I, almost all cells incorporated BrdU when grown in the 
25 proliferative condition. In contrast, after addition of tetracycline (Tc). only 11% of cells 
stained for BrdU. Substantial nuclear staining for v-myc was present in the proliferative 
growth condition, and the level of staining decreased in intensity after addition of tetracycline. 
These data show that the cells contain the v-myc oncogene, and that tetracycline suppresses 
expression of the oncoprotein and proliferation 

30 
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Example 2 

Differentiation of Human CNS Progenitor Cell Lines 

5 This Example illustrates the preparation of differentiated CNS cells from the 

human CNS progenitor cell line described in Example 1, and the characterization of the 
differentiated cells. 

A. Di fferentiation of Immortalized Cultures 

10 To differentiate the immortalized cells, cultures (clone B4, described below) 

were switched to DMF.M/FI2 containing N2 supplements and tetracycline (1 |a<i/mL to 
suppress transcription of the oncogene) After approximately 7 days of let addition (tet + RA 
for 1 day, followed by tet, high K\ NT-3 and BDNF for 6 days) neuronal and glial 
morphological differentiation occurred (Figure 2, right panel) Phase-bright cells with long, 

15 thin processes were present (suggestive of neuronal morphology), as well as larger phase-dark 
cells with wider processes (suggestive of astrocyte morphology) In the proliferative growth 
condition (Figure 2, left panel), cells exhibited progenitor cell morphology (small phase-dark 
cells, with polygonal shape, and very short processes, if present) 

Immortalized Human CNS Progenitor Cultures Differentiate into Neurons and 

20 Astrocytes. To determine whether the immortalized human fetal cells expressed cell type- 
specific markers after differentiation, cultures were immunolabeled for the neuronal markers 
MAP2a/b, tau and neurofilament (200 kD\ and the glial markers GFAP and GalC 
Immunofluorescence staining was performed as described in Example I except that the cells 
were fixed for 10-30 minutes with 4% paraformaldehyde in PBS The primary antibodies 

25 against MAP2a/b, neurofilament, GFAP and GalC were obtained from Chemicon (Temecula, 
CA). Primary antibodies against tau were obtained from Boehringer Mannheim (Indianapolis, 
IN). For immunoperoxidase staining, cells were incubated with the primary antibodv in PBS 
containing 10% donkey serum and 0.25% Triton X-100 overnight at 4°C, and then with 
biotin-conjugated goat anti-rabbit IgG or horse anti-mouse IgG antibodies (Vector 

30 Laboratories, Burlingame, CA) for I hour at room temperature followed by I hour treatment 
with a pre-formed mixture of avidin-biotinylated horseradish peroxidase complex ( Vectastain 
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Elite ABC kit, Vector Laboratories, Burlingame, CA). The reaction products were visualized 
with diaminobenzidine histochemistry. Primary polyclonal antibodies used for 
immunoperoxidase staining of GluRl, GluR2/3, GluR4 were obtained from Chemicon 
(Temecula, CA), and monoclonal antibodies against NMDARI and GluR5/6/7 were obtained 
5 from Pharmingen (San Diego, CA) 

Staining was weak before and after differentiation for the mature neuronal 
markers tau and neurofilament (200 kD) and the oligodendrocyte marker, GalC. However, 
staining for the earlier neuronal marker, MAP2a/b, and the astrocytic marker, GFAP, was 
present to a significant extent After growth in tet (1 ng/mL, 5-6 days), the percentage of 
10 MAP2a/b-positive cells doubled to -50%, whereas the percentage of GFAP-positive cells 
increased slightly, to -30% (Figures 3 and 4). MAP2a/b-positive cells exhibited neuronal 
morphology, and GFAP-positive cells exhibited astrocytic morphology These two 
populations of cells were non-overlapping in double-labeling experiments These results 
indicate that both neuronal and astrocytic human CNS progenitors were immortalized 
15 Immortalized Human CNS Progenitor Cells l-lxpress Functional Sodium and 

Calcium Channels after Differentiation. After growth in tet for about 1 week, immortalized 
human fetal CNS cells exhibited very little sodium or calcium current. To promote further 
differentiation, cells were grown for about 2 weeks with additional agents, such as tet + 20 
mM KCI + NT-3 (50 ng/mL) + BDNF (50 ng/mL), tet + RA (retinoic acid, 1 jiM), tet + FSK 
20 (forskolin, 10 |iM), tet + dbcAMP (dibutyryl cAMP, 05 mM), tet + PMA (phorbol 12- 
myristate 13-acetate, 20 nM), and tet + human serum (10%). The results are presented in 
Table 1. After growth with tet, high K\ NT-3 and BDNF; tet and RA; tet and FSK, or tet and 
dbcAMP, a subset of cells differentiated' morphologically by extending long, thin processes 
These cells were chosen for subsequent electrophysiological characterization. In contrast, 
25 after growth with tet and PMA, or tet and human serum, no cells of neuronal morphology 
remained. In subsequent experiments discussed below, the concentrations of the following 
agents in the growth medium (where indicated) were: retinoic acid (0.5-10 ^M), dibutyryl 
cAMP (0.5-1 mM), forskolin (10-50 jaM), phorbol esters (5-50 nM phorbol 12-myristate 13- 
acetate,), high K+ (20 mM), NT-3 (20-50 ng/mL), BDNF (20-50 ng/mL), GDNF (20-50 
30 ng/mL) and/or human serum ( 1 0%). 
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Table 1 

Immortalized Human Fetal CNS Progenitor Cells: 
Effects orCrowth Conditions 
Growth Condition Neuronal Differentiation 



FGF-2 




Tct+high K'+NT-3+BDNF 


++ 


JsitR4™.««-,.. 


„ .. . -fe/*-+. 


Tct+FSK 


+ 


Tet KibcAMP 


( + )/+ 


Ten- I'M A 




TetH-Iuman Serum 





Cultures were used for electrophysiology 2-13 days after passaging The 
whole-ceil configuration of the patch clamp technique was used to study voltage- and ligand- 
gated currents. Pipettes (2-5 Mfl resistance) were pulled from lioralex glass (Dynalab Corp.. 
Rochester, NY) and, in most cases, coated with Sylgard (Dow Corning Corp.. Midland, MI) 
10 and fire-polished. They were filled with internal solution containing 108 mM cesium- 
methanesulfonatc. 4 mM MgCl, 0 mM OGTA (ethylene glycol bi S (b-aminoeth v l ether)- 
W.A'.A'-tetraacehc acid). 0 mM HEPES (4-(2-h y droxvethyl)-l- P ,perazin e e,hanesulfonic 
acid), 4 mM ATP. 14 mM creatine phosphate (Tris salt). 0.3 mM GTP (Tris salt), and. in most 
cases. 50 U/mL creatine phosphokinase. pH 7.4 with CsOH Whole-cell recordings were 
5 initially established in the bath solution (Tyrode's: 150 mM NaCI. 4 mM KC1. 2 mM MgCl- 
10 mM glucose, 10 mM HEPES, pH 7.4 with NaOl I; 2 mM CaCI, and 4 mM BaCl, added). 
Sodium currents were characterized in this bath solution, or in 160 mM NaCI, 2 mM CaCK 
and 10 mM HEPES. P H 7.4 with NaOH Calcium currents were assessed by using the 
following external solution; 160 mM TEA-CI, 5 mM BaCI 3 . and 10 mM HEPES, pH 7 4 with 
0 TEA-OH. 1 M M tetrodotoxin (TTX. Sigma. St. Louis. MO) added Responses to NMDA 
(Sigma, St. Louis. MO) plus glycine (Fisher. Pittsburgh. PA), kainate (Sigma. St. Louis. MO) 
and GABA (RBI. Natick. MA) were elicited by applying agonist in the following external 
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solution: 160 mM NaCI. 2 mM CaCI 2 , 0.1-lmM EDTA, I juM TTX, and 10 mM HEPES, pH 
7.4 with NaOH. External solutions flowed from an array of microcapillary tubes (internal 
diameter 140 mm), driven by gravity. Drugs were applied by moving the array of tubes, and 
solution exchange was complete in less than a second. All drug stocks were stored frozen, 
5 and diluted into external solution on the day of the experiment. 

Whole-cell currents were recorded using an Axopatch 200A patch clamp 
amplifier, and the BASIC-FASTLAB interface system (INDEC Systems. Capitola, CA). 
Voltage-dependent currents were filtered at 10 KHz (4-pole Besscl low-pass) and digitized 
every 25 fis (sodium current) or 50 jlis (calcium current). Ligand-gated currents were filtered 
10 at I or 10 KHz and digitized every 50 ms. Series resistance compensation was employed, 
typically for 80-95% of the series resistance measured from the uncompensated capacity 
transient (dividing the decay time constant by cell capacitance) or from the potentiometer used 
for nulling the capacity transient. Data were accepted for sodium current only if the remaining 
voltage error (calculated as current times uncompensated series resistance) was less than 1 
15 mV, and if voltage control was adequate as judged by a graded increase in peak current as test 
depolarizations were increased. For calcium and ligand-gated currents, uncompensated 
voltage errors were less than 5 mV. Reported potentials have been corrected for a liquid 
junction potential of -10 mV between the internal solution and the Tyrode's solution in which 
the pipette current was zeroed before sealing onto the cell. Sodium and calcium channel 
20 currents were corrected for leak and capacitative currents by subtraction of an appropriately 
scaled current elicited by a hyperpolarization from -80 mV to -90 mV All experiments were 
done at 21-25°C Statistics are given as mean + SEM. 

Based on electrophysiological experiments, medium containing tct, high K\ 
NT-3 and BDNF appears to be optimal for differentiation, whereas the addition of tet and RA 
25 may also be useful for restoring voltage-gated currents. Sodium currents (Figures 5 and 6) 
were restored to -50% of that in primary differentiated human fetal CNS neurons, whereas 
high-voltage activated calcium currents remained small, averaging 27 + 9 pA (10 cells) 
Moreover, the restored sodium current was of the neuronal form, exhibiting a midpoint of 
inactivation of -56 ± 2 mV and a slope factor of 7 ± I mV (7 cells), similar to values obtained 
30 for ditTerentiated primary human CNS cultures. 
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Immortalized Human CNS Progenitor Calls Express Gluiamale and GAHA A 
Receptors after Differentiation. To determine if neurotransmitter receptors'might be present, 
immortalized human CNS lines were stained for the following receptor subunits as described 
above: NMDAR I , GluRl, GluR2/3, GluR4, GluR5/6/7 and GABARa (Chemicon, Temecula, 
5 CA) (Figure 7). After growth in tet for 6 days, there were substantial increases in the 
percentages of cells that were positive for GluRl, GluR2/3 and GluR5/6/7 (Figure 4). whereas 
staining for NMDAR I. GluR4 and GABARa was still low. The significant amount of staining 
f©^GI«i&*<GlwR2&> *n&"Q\aR*m& sttggested'' ttl^'SlvlW-^elferring and Gainate receptors 
were present. 

10 Although immunoperoxidase staining suggested that 20-50% of cells should 

respond to kainate after growth in tet. immortalized human fetal CNS cells exhibited little or 
no ligand-gated current after growth in tet or proliferative conditions. However, if cells were 
grown with additional differentiating agents for about 2 weeks, ligand-gated currents increased 
substantially (Figure 6). As with sodium current, the best conditions for restoring ligand-gated 

15 currents were medium containing tet. high K . NT-3 and BDNF and medium containing tet 
and RA. Agents that increased cAMP up-regulated ligand-gated responses to the smallest 
extent. After growth with tet. high K\ NT-3 and BDNF. or tet and RA, NMD A responses 
(Figure 8) were present in one-third of cells sampled, and kainate (Figure 9) currents were 
restored to levels similar to that in primary, non-proliferating cultures (data not shown) 

20 GABA responses (Figure 10), however, were up-regulated after growth with tet+hii>h 
K'+NTO+BDNF. but not tet+RA Kainate current-voltage relationships were linear or 
outwardly rectifying in 5/0 cells, and reversed at I ± 2 mV. In 1 cell, the current-voltage 
relationship was inwardly rectifying, and reversed at 16 mV, consistent with a significant 
calcium permeability. The restoration of NMD A current establishes that the immortalized 

25 human CNS cells can be differentiated into neurons, because NMDA responses are found 
exclusively in neurons 
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Example 3 

Preparation and Characterization of Clonal Human CNS Progenitor Cell Lines 

This Example illustrates the generation of clonal human CNS progenitor cell 
lines, and the characterization of such cell lines. 

5 

A. Isolation of Clonal Cell Lines 

Clones were isolated from the human CNS progenitor cell line described in 
Example 1 by limit dilution in 96-well plates. Clones were fed and passaged as above Of the 
distinct clonal cell lines generated, four are described in detail below and are referred to herein 
10 as clones B4, C2, E5 and CIO. 

EGh and PDGF Enhance Proliferation Rate and Cell Survival To facilitate 
the expansion of the human CNS clones, we identified factors that increase the proliferation 
rate and/or cell survival To examine the effects of EGF and PDGF on the proliferation and 
survival of the human CNS clones, 40 ng/mL EGF, 20 ng/mL PDGF or both were added to 
15 the standard growth medium, which already contained FGF-2 and 50% CM, and total cell 
number and BrdU uptake and incorporation were assessed as described above For clone C2, 
EGF or PDGF addition increased the total cell number (Figure I I A) by approximately 2-fold. 
This increase in cell number was due to enhanced cell viability (decreased cell death), since 
there were only slight increases in proliferation rate (assessed by BrdU uptake and 

20 incorporation. Figure I IB). The effects of EGF and PDGF were not additive, suguesting that 
they share a common mechanism of action. In the case of clone C10, EGF (but not PDGF) 
addition increased the total cell number (Figure 12A) by approximately 40% Addition of 
EGF and PDGF increased the total cell number slightly further This increase in cell number 
was due, at least in part, to enhanced proliferation rates; BrdU uptake and incorporation 

25 increase about 2-fold with EGF or EGF + PDGF addition (Figure 12B), and doubling times 
(based on cell counts as a function of days in vnro % data not shown) decreased from 3 days (no 
EGF or PDGF addition) to 2 days (EGF + PDGF addition) Taken together, these data show 
that survival and proliferation are enhanced by the inclusion of EGF and PDGF, in addition to 
FGF-2, in the growth medium. As a result,* all three growth factors were subsequently 

30 included in the growth medium used for these as well as other clones. 
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Clonahiy of Cell I. mas H4. C2. E3 and CIO. Human conditionally- 
immortalized CNS progenitor cell lines B4. C2, E5 and CIO are distinct clones. Genomic 
Southerns were carried out to confirm the clonality of cell lines C2 and CIO. As a control, 
DNA from the clonal adult rat hippocampal neuronal line HC2S2. immortalized with the same 
retroviral vector (Hoshimaru et al . I'rac. Nail. Acad. Set. USA 93. 1 5 1 8-1 523, 1996), was 
examined in parallel. The bulk-immortalized cells were also examined to obtain an indication 
of the number of different clones present in the mixture. 

Gen ° mic DNA Was P re P ared from ^out 10 7 cells using standard methods. 
The DNA was digested with restriction enzymes that cut in the integrated provirus (BamHI 
(ProMega, Madison. Wl); F.coRI (l»roMcga. Madison. Wl>; or Hindlll (New England 
BioLabs (Beverly. MA)). The digested DNA was resolved on an 0.8% agarose gel. 
transferred to a nylon membrane, and hybridized to a ^P-labeled probe against the Pstl-Pstl 
fragment of v-myc (Lofstrand Labs Limited, Gaithersburg, MD). 

Hindlll cuts within the LTR's produced unit length DNA fragments of 4 8 kb, 
as expected. Single bands (*> kb. 5 4 kb or 4.8 kb. respectively) resulted from each of the 
restriction digests of I K.2S2 DNA with BamHI. EcoRI or Hindlll. respectively From clone 
C2, single bands of II kb, 3 6 kh and 4.8 kb resulted from BamHI. EcoRI or Hindlll 
restriction digests, respectively (Figure I 3 and Table 2, below) From clone CIO, single bands 
of 9 kb. 3.5 kb or 4 8 kb resulted from BamHI. EcoRI or Hindlll restriction digests, 
respectively (Figure 13. Table 2). Single bands of distinct sizes resulted from restriction 
digests of clones B4 (BamHI 6.S; EcoRI: 3.7; Hindlll: 4.8), J A3 (BamHI: 13; EcoRI: 6.0; 
Hindlll: 4.8). JD4 (BamHI 0.5, EcoRI. 3.6; Hindlll 4.8). JE8 (BamHI: 13. EcoRI: 7 0, 
Hindlll: 4.8) and E5 (EcoRI: 4 6) (Table 2) The bulk-immortalized cells gave about 10 
bands (3-11 kb) of equal intensity (data not shown) after restriction digest with either BamHI 
or EcoRI. suggesting that about 10 distinct clones were present in the mixture. 
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Table 2 

Immortalized Human Fetal CNS Lines: 

ion 



J: P-v-myc Labeled Fragment Sizes after DNA Restrict 



Cell Line 


Hamlil 


EcoRI 


n in a ii I 


B4 


6 8 kb 


3.7 kb 


4 8 kb 


C2 


1 1 kb 


3.6 kb 


4 8 kb 


cio 


9kb 


3.5 kb 


4.8 kb 


E5 


n.d. 


4.6 kb 


n.d. 


JA3 


13 kb 


6.0 kb 


4 8 kb 


JD4 


9.5 kb 


3 6 kb 


4.8 kb 


JliH 


1 3 kb 


7.0 kb 


4 8 kb 



5 B Chaiact.Ccizati4).»U)r Clonal Cell I .inns 

1 Characteri sation of clone R4 

Clone IU is ncuronally specified Clone B4 is relatively robust and grows 
rapidly in proliferative conditions Immunoreactivity of the cells was evaluated as described 
above. In proliferative conditions, almost all cells stain for BrdU after overnight uptake and 
10 about 2/3 of the cells arc immunoreactive for v-myc (nuclear labeling) Relatively few cells 
labeled for MAP2a/b. NF (200 kl.». GFAP or GalC (Figure 14) After differentiation with 
tetracycline alone for about I week, cells stopped proliferating, became phase-bright and 
extended long processes Moreover. BrdU uptake and v-myc immunoreactivity were largely 
suppressed whereas MAP2a/b labeling was present in almost all cells Western blot analysis 
5 confirmed the up-regulation of MAP2a/b upon differentiation of clone B4 (Figure 1 5). These 
results, together with the absence of GFAP and GalC labeling, indicate that clone B4 
differentiates into neurons upon suppression of the oncogene. However, NF (200 kD) and tau 
immunolabeling remained low. suggesting that these cells were not vet fully mature. 

To promote further neuronal maturation the effects of additional differentiating 
0 agents on clone B4 were examined Tau immunoreactivity remained low (<10% of cells) after 
7-8 days of differentiation with tet. NT-3 and BDNF; tet, high K . NT-3 and BDNF; tet and 
RA for I day followed by tet. high K\ NT-3 and BDNF; tet. NT-3 and GDNF; tet. high K\ 
NT-3 and GDNF. tet and RA tor I day followed by tet. high K . NT-3 andGDNF; tet and 
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sonic hedgehog protein (.shh;; let and RA for 5 days followed by tet and shh; tct, shh and high 
K\ tet, shh and BDNF; tct, shh and GDNF. tet. shh. GDNF and high K\ tet, shh. BDNF and 
GDNF; or tet, shh, BDNF. GDNF and high K\ Based on morphology (Table 3) and 
immunocytochemical staining, growth with phorbol ester (PMA). human serum or rat serum 
prevented tet from inducing neuronal differentiation, whereas growth with forskolin promoted 
further neuronal differentiation and process outgrowth over tet alone, or tet+BDNF+NT- 
3+GDNF. Moreover. PMA prevented the combination of tet, BDNF. NT-3. GDNF and 
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Table 3 

Human CNS Line B4: EITects of Growth 
Conditions (4d) on Neuronal Differentiation 



Growth Condition 


Morphology 


Tc 




Tc (2d): Tc + HS 




Tc (2d); Tc + RS 




Tc + I'MA 




Tc + FSK 




TcNBG 


+ 


TcNBG ■»■ RA 


+ 


TcNBG + PMA 




TcNBG + FSK 




TcNBG +■ RA + FSK 


+ + 


TcNBG RA + PMA 




TcNBG *■ PMA + FSK 




TcNBG (2d); TcNBG + HS 




TcNBG (2d); TcNBG + RS 





HS (human scrum), 5%, RS (rat serum), 5%; PMA, 20 nM; FSK, 10 fiM; 
RA, 0.5 mM: NT-3 (N), 20 ng/mL; BDNF (B), 20 ng/mL; GDNF (G), 20 
ng/mL 



5 To examine the effect of growth conditions on cell lineage, clone B4 was 

examined for MAP2a/b and GFAP imnuinoreactivities (Figure 1 6) after growth with serum, 
PMA, forskolin and/or retinoic acid Although clone B4 is a specified neural precursor (i.e.. 
after suppressing the oncogene with tet. only neuronal differentiation occurs), some growth 
conditions could override this predilection and promote astrocytic differentiation. PMA 
10 strongly promoted astrocytic differentiation and overrode the effects of forskolin when both 
agents were added together Retinoic acid was a general differentiation agent, enhancing the 
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effects of the other agents (PMA or forskolin) present in the growth medium. These data 
support the model for human CNS cell lineage depicted in Figure 1 7. 

Clone B4 contains GluRj-S (PCli and immunocylochemislry) and NR1 
(immunocylochemislry). Immunoreactivity of B4 cells for glutamate receptor subunits was 
evaluated as described above. A sub-population of cells exhibited immunoreactivity for the 
glutamate receptor subunits after differentiation by growth with tet+RA+NT-3+BDNF for 23 
days (Figure 18) The NMD A receptor subunit NR1 is required for functional receptors; -5% 
of differentiated B4 cells were strongly immunoreactive for this subunit. 

The levels of mRNA encoding glutamate receptor subunits were also evaluated 
for clone B4 via PGR. For proliferating conditions, clone B4 at passage I 5 or 24 was grown 
with FGF-2. EGF, PDGF and conditioned medium, as described above, for 3 days 
Differentiation was achieved by growth of clone B4 (again at passage 15 or 24) for 8 days in 
tetracycline, high K\ NT-3 and BDIST, as described above. Human fetal brain tissue (200 
mg) or cell pellets (-0 5 to 4 x 10° cells) were snap-frozen and stored at -80°C until mRNA 
isolation PolyA' RNA was prepared using the Micro-Fast Track Kit (Invitrogen, San Diego, 
CA). 0.5 to 2.0 ng of this mRNA template was then reverse transcribed to generate Hill-length 
first-strand cDNA using the Ready To Go T-Primed First Strand Kit (Pharmacia Biotech, 
Piscataway, NJ). PGR primers were designed using human sequences obtained from the 
GenBank database, and Oligo software. For PGR amplification, 15 ng of cDNA template was 
incubated with the oligonucleotide pair and 2.5 units of Taq polymerase (Pcrkin-Elmer, Foster 
City, CA) in 100 iiL of assay buffer containing 100 niM Tris-HCI. pH 8.3; 500 mM KC1 
Cycle parameters were 5 min at 94°C. 5 min at 55°C, 1 min at 72°C, I min at 94°C, 1 min at 
55°C. followed by 7 min at 72°C for 35 cycles. The resultant products were resolved on 1.2% 
agarose gels and stained with ethidium bromide for visualization PCR conditions were 
optimized using human fetal brain cDNA as a positive control and cDNA libraries from Hela 
(GluRI-7), CHO (adenosine A-. mGlu5b and 5-HT1A). 3T3 (5-HT2a) or HEK293 (GABAR 
al) cells as negative controls. If a prominent band of the correct size was present in the 
positive control, then the following additional controls were carried out to verify that the PCR 
product was gene-specific: reverse transcriptase omission during cDNA preparation. RNase 
addition during mRNA preparation. PCR with each primer alone, and sequence-specif.c probe 
hybridization. Primer sets used were. 
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NMDARI 

GluR I 

GluR2 

GluR3 

GluR4 
GluR5 
GluR6 
GluR7 



5' primer: 5'-AACCTGCAGAACCGCAAG-3' (1063-1080) 
V primer 5'-GCTTG ATG AGC AGGTCTATGC-3' ( 1 3 76- 1 396) 
5' primer: 5'-AGATTTGCTTTGTGGCAA-3' (230-247) 
3' primer: 5'-ATTCTCCAGGTCCTGAAA-3' (668-685) 
5' primer: 5'-CGGAAGATTGGCTACTGG-3' ( 1 3 1 0- 1 327) 
3'primcr; 5'-TTAGCCGTGTAGGAGGAG-3' (2062-2080) 
.V primer. 5'-GACACACGACGCAATACTGG-3' (980-999) 
3' primer: 5'-TGAGAATACGCCTGGTTTTG-3' (1672-1691) 
5' primer 5'-TGGTACGAGAGGAGGTCATT-3' ( 1 5 1 4- 1 534) 
3' primer 5'-TCTGGCTTTGTTTCTTATGG-3' (2561-2580) 
5' primer 5-CAAAGACAAGTCCAGCAA-3' ( 1 254- 1271) 
3* primer 5'-CCAACTCCAAACCAGAAA-3- (1833-1850) 
5* |)rimer: 5'-TTTGCTGGATGGATTTATG-3' (930-949) 
3' primer S'-AAAGAACGATTGGATAAGGO' (1280-1298) 
5' primer. 5 , -GCGTCTTCTCCTTCCTCAATC-3' ( 1676-1696) 
3' primer. 5-ATGCCCTCCTCGTTGTTCTTC-3' (2175-2195) 



The results arc presented in Figure 19. The expected PCR product sizes are 
GluRl (409 bp). GluR: (770 bp), GluR3 (712 bp). GluR4 (1.067 bp). GluR5 (597 bp). GluR7 
(520 bp) Clone B4 was positive for GluR I. GluR2, GiuR3. GluR4 and GluR5 Clone B4 
was negative for GluR7 under proliferating conditions and positive under differentiating 
conditions. The presence of mRNA for GluR I -4 and immunoreactivity (although weak) for 
GluRl and GluR2/3 (Figure 18) suggested that clone B4 expresses the AMPA-preferring 
subtype of glutamate receptor, whereas the presence of mRNA for GluR5 and GluR7 and 
immunoreactivity for GluR5/677 suggested that these cells express the low-affinity kainate 
receptor. 

Chute /U comams CAttA, 5-HTaiui Adenosine subnmis (PCR). PCR analyses 
performed as described above demonstrated that clone B4 expressed mRNA for GABARco. 
5-HT1D0. 5-HTIE. 5-HT2A. S-HT2B. 5-HT7. and adenosine A I and A2B receptor subunits 
(data not shown). These subunits are normally coupled to changes in cAMP levels. 1P3/DG 
and ion channel activity Thus, this cell line enables studies of potentially functional receptors 
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in their native environment, with normal intracellular signaling pathways and coupling 
mechanisms. 

Clone H4 undergoes apoptosis in 2 models of cell death. A robust assay for 
apoptosis requires a substantial increase in the index of apoptosis over baseline levels of 
apoptosis. After differentiation with let alone, clone B4 exhibited significant levels of basal 
apoptosis. In order to minimize this basal level of apoptosis, sister cultures were differentiated 
in several types of growth media, and the percentages of apoptotic nuclei were determined by 
DAPI s _ lain j n a ? ft ? r 0 to - 1 0 'Jays of difrer&atia.t.i.on. (Figure 20) Cultures differentiated with 
tct+NT-3+BDNF+GDNF exhibited the lowest levels of apoptosis during this time period. 
Sister cultures differentiated with tet alone, or tel + retinoic acid for I day, followed by tet + 
high K" + NT-3 + BDNF, had 2 to 3-fold higher levels of apoptosis. Moreover, since the 
percentage of apoptotic nuclei generally increased during the first 10 days of differentiation, 
the best window of time for using the cells in apoptosis assays was between 5 and 7 days of 
differentiation. At this time. <5% of cells were apoptotic. yet sufficient neuronal 
differentiation of the overall population of cells had occurred 

Withdrawal of growth factors and N2 supplement induces apoptosis in 
differentiated clone H i. After 48 hours of withdrawal of growth factors and N2 supplement, 
about 40% of neurons were no longer viable, as assessed by Trypan blue exclusion 
(Figure 21). In 5 out of 6 experiments, there was an approximately 2-fold increase in the 
percentage of apoptotic cells with condensed nuclei after withdrawal of growth factors and N2 
supplement for about. I clay (Figure 2 1 ) These experiments, taken together with the presence 
of DNA laddering after withdrawal (data not shown), establish that withdrawal of growth 
factors and N2 supplement from differentiated clone B4 represents one model of apoptosis 

TNb'a induces apoptosis in differentiated clone B-t. After addition of TNFa ( 1 
or 10 ng/mL). about 50% of neurons were no longer viable (assessed by Trypan blue 
exclusion. Figure 22) Lower concentrations of TNFa (0 05 or 0.2 ng/mL) had little effect on 
neuronal viability The effect of TNFa (10 ng/mL) was most pronounced after at least 48 hrs 
of treatment Corresponding to the decline in viability, the percentage of apoptotic nuclei 
increased after treatment with TNFa (10 ng/mL, data not shown), and TNFa treatment also 
resulted in increased DNA laddering upon gel analysis (Figure 23). Moreover, treatment with 
the peptide aldehyde inhibitor 2-VAD (Z-Val-Ala-Asp-Ch ; F) at 80 u\l blocked the increase in 
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DNA laddering (Figure 23). These results indicate that TNFa treatment of differentiated 
clone B4 represents another mode! of apoptosis. 

Clone B4 can be transiently transfected. A number of transfection methods, 
including transient transfection with lipofectin, lipofectamine, cellfectin and Pfxl-8 have been 
5 tested for optimizing the transfection of 0-actin/Iuciferase into proliferating tet/myc 
immortalized human CNS cells. To date, Pfx-2 appears to be the most efficient reagent 
Transfection of p-gal, followed by histochemical staining, showed that about 2% of cells were 
transfected in the presence of Pfx-2 The ability to transfect clone B4 makes this cell line 
useful for experiments such as expression of cloned receptors in a neuronal environment and 
10 of constituitively expressed or dominant negative forms of kinases that may play a role in 
apoptosis 

Clone H4 expresses c-/tm, JNK t MEK6 t APP. SI 82. S'f'M2 t CPP32 and ICH- 
1l, Western blot analyses have been carried out on the neuronal cell line, B4, for c-jun, 
MEK6, APP (Figure 21), CPP32 and ICH-1 L Substantial amounts of c-jun and MEK6 are 
15 present in clone B4 after growth in proliferative conditions; after differentiation, levels of c-jun 
are no longer detectable, whereas levels of MEK6 increase JNK activity is also present in 
clone B4, and levels of activity increase after differentiation Significant amounts of APP, 
CPP32 and ICH-I,. are present in both proliferating and differentiated B4 cells The presence 
of APP indicates that clone B4 could be used to study APP processing which is of particular 
20 interest in human neurons, whereas the presence of CPP32 and ICH-1, allow the role of these 
proteins in apoptosis of human neurons to be examined. 

2. Characterization of Clone C2 

Clone C2 is multi-potent. In proliferative conditions, BrdU was taken up and 
25 v-myc was expressed in a substantial number of cells, whereas after growth in tet alone for 1 
week, virtually no cells took up BrdU or expressed v-myc (Figure 25 A). About 30% of cells 
were MAP 2a/b- immunoreactive and about 30% were GFAP- positive (Figures 25B-C) in the 
proliferative condition. After differentiation with Tc, Tc/0.5 jiM RA or Tc/20 rrnM K7NT- 
3/BDNF, the proportion of cells that expressed these cell-type specific markers did not change 
30 substantially Thus, this clone is multi-potent and, although proliferation and myc expression 



-WO 0810OS8A1 J_> 



WO 98/10058 



38 



PCT/US97/15442 



arc suppressed by tet. the expression of cell-type markers changes minimally upon 
differentiation. 

Neurotransmitter receptor mHNA expression by clone C2 does not increase 
after differentiation »i,h T*20 mM K/NT-3/HDNF. PGR for neurotransmitter receptor 
5 subunit mRNA indicated that receptor messages were not increased after differentiate. This 
is consistent with the immunocytochemical data which indicated that expression of cell-type 
specific markers in this clone does not respond substantially to differentiating conditions. 
- -SS^^ia^g^ r^ce^ors^itT afte7 * 

growth with FGF-2. Bands of the correct size were present for GluRl, GluR2. G.uR3, 5- 
0 I IT I A. 5-HT2A and adenosine A 2 but not GluR4, GluR5. GluR7 or mGlu5b. 

3 Chnractcriznhnp nf jQi^ngjrm 

Clone CIO is mult, -potent In proliferative conditions, BrdU and v-myc 
labeling was present in a substantial number of cells, whereas 19%, 51% or 0% of cells were 
5 MAP 2a/b~. GFAP- or GalC- positive, respectively (Figures 26 A-C). After differentiation, 
the proportion of cells that expressed neuronal and oligodendrocyte markers increased 
significantly, with growth in tot + RA resulting in the highest proportions of cells expressing 
MAP2a/b or GalC. GFAP staining did not change after growth with tet + RA or tet + high 10 
+ BDNF + NT-3 whereas GFAP labeling decreased after growth in tet alone. These results 
indicate that this clone is multi-potent. 

4 Qamaen/ ation of Clone F.5 

Clone 1-5 is an immature nutlu-potent cell. Clone E5 is multi-potential and 
likely represents an immortalized stem cell. In the proliferative growth condition (FGF-2) 
cells were polygonal and flat, doubled every 2 days, and exhibited virtually no labeling for the 
neuronal marker. MAP2a/h or the astrocyte marker. GFAP (Figures 27A-B). After 
differentiation with tet, tet high K' ► BDNF + NT-3, or tet + retinoic acid, there was no 
substantial change in morphology After growth in tet or tet + high K + BDNF + NT-3, 
about 50% of cells stained to a small degree for MAP2a/b. while about 20% stained to a small 
degree for GFAP. In contrast, after growth with tet + retinoic acid, virtually no cells stain for 
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MAP2a/b. whereas staining for GFAP increased to 30%. These results suggest that clone E5 
represents a muhi-potcnt, immature stem cell. 

From the foregoing, it will be appreciated that, although specific embodiments 
5 of the invention have been described herein for the purpose of illustration, various 
modifications may be made without deviating from the spirit and scope of the invention. 
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Claims 

1. A mclhod for producing a conditionally-immortalized human CNS 
progenitor cell, comprising: 

(a) plating human progenitor cells on a surface that permits 

proliferation; 

(b) adding growth medium to the cells; 

(c) transfecting the cells with DNA encoding a selectable marker and 
regulable growth-promoting gene under conditions promoting expression of the growth- 
promoting- gene; - ■■■■---*» *■ ■■<•--■-■ 

(d) passaging the transfectcd cells onto a substrate; and 

(e) adding growth medium supplemented with one or more 
proliferation-enhancing factors to the transfected cells. 

2 The method of claim I wherein saul substrate is polyornithine/laminin, 
polylysine/laminin or a surface treated with fibroncctin. 

3 The method of claim I wherein said growth-promoting gene is an 

oncogene. 

4. The method of claim 3 wherein said oncogene is selected from the qroup 
consisting of v-myc. N-myc. c-myc. p53. SV40 large T antigen, polyoma large T antigen! Ela 
adenovirus and E7 protein of human papilloma virus 

5 A conditionally-immortalized clonal human CNS progenitor cell capable of 
differentiation into neurons and astrocytes. 

6 A method for producing astrocytes and/or neurons, comprising culturimi a 
cell produced according to claim I under conditions inhibiting expression of Hie growih- 
promoting gene. 

7 An astrocyte produced according to the method of claim 6 
8. A neuron produced according to the method of claim 6 
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9. A method for producing astrocytes and neurons, comprising culturing a cell 
according to claim 5 under conditions inhibiting expression of the growth promoting gene. 

10. An astrocyte produced according to the method of claim 9. 



11. A neuron produced according to the method of claim 9. 



12. A cell produced according to the method claim 1 or claim 6, for use in the 
manufacture of a medicament for introducing a CNS cell into a mammal. 

13. A cell according to claim 5, for use in the manufacture of a medicament for 
introducing a CNS cell into a mammal. 



14. A cell produced according to the method of claim 1 or claim 6, for use in 
the manufacture of a medicament for treating a patient. 

1 5. A cell according to claim 5, for use in the manufacture of a medicament for 
treating a patient. 

16. A cell according to claim 15 wherein the patient is afflicted with a 
pathological condition where neurons have degenerated. 

17. A cell according to claim 16 wherein the pathological condition is selected 
from the group consisting of Alzheimer's disease, Parkinson's disease, amyotrophic lateral 
sclerosis, stroke and traumatic head injury. 



18. A method for screening for an agent that modulates activity of a protein 
produced by a CNS cell, comprising: 

(a) contacting a cell produced according to the method of claim 1 or 
claim 6 with a candidate agent; and 

(b) subsequently measuring the ability of said candidate agent to 
modulate activity of a protein produced by said cell. 
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19. A method for screening for an agent that modulates activity of a protein 
produced by a CNS cell, comprising: 

(a) contacting a cell according to claim 5 with a candidate agent; and 

(b) subsequently measuring the ability of said candidate agent to 
modulate activity of a protein produced by said cell. 

20. A method for detecting the presence or absence of a protein in a sample, 

comprising 

(a) contacting a sample with a cell produced according to the method 
of claim 1 ^ w clgim t 6^|n4 ....... .,. ^„ ........ - , 

(b) subsequently detecting a response in said cell, and thereby detecting 
the presence of a protein in said sample. 

21. A method for detecting the presence or absence of a protein in a sample, 

comprising 

(a) contacting a sample with a cell according to claim 5; and 

(b) subsequently detecting a response in said cell, and thereby detecting 
the presence of a protein in said sample. 

22. A method for identifying a human CNS gene or protein, comprising 
detecting the presence of a gene or protein within a culture of cells produced according to the 
method of claim 1 or claim 6 



23. A method for identifying a human CNS gene or protein, comprising 
detecting the presence of a gene or protein within a culture of cells according to claim 5. 

24. A method for screening for an agent that affects CNS cell death, 

comprising: 

(a) contacting a cell produced according to the method of claim 1 or 
claim 6 with a candidate agent under conditions that, in the absence of candidate agent, result in 
death of said cell; and 

(b) subsequently measuring the ability of said candidate agent to affect 

the death of said cell. 
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25. A method for screening for an agent that affects CNS cell death, 

comprising. 

(a) contacting a cell according to claim 5 with a candidate agent under 
conditions that, in the absence of candidate agent, result in death of said cell; and 

(b) subsequently measuring the ability of said candidate agent to affect 

the death of said cell. 

26. A method for screening for a protein that regulates CNS cell death, 

comprising: 

(a) altering the level of expression of a protein within a cell produced 
according to claim 1 or claim 6; and 

(b) subsequently measuring the affect of said alteration on the death of 
said cell, and thereby identifying a protein that regulates CNS cell death. 

27 A method for screening for a protein that regulates CNS cell death. 

comprising: 

(a) altering the level of expression of a protein within a cell according 

to claim 5; and 

(b) subsequently measuring the affect of said alteration on the death of 
said cell, and thereby identifying a protein that regulates CNS cell death. 

28 A conditionally-immortalized human CNS progenitor cell produced 
according to the method of claim 1 

29 A cell according to claim 28. wherein said cell is present within a clonal cell 

line. 

30. A cell according to claim 28. wherein said cell is capable of differentiation 
into neurons and astrocytes. 

31. A cell according to claim 2S. wherein said cell is capable of differentiation 

into neurons. 
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32. A cell according to claim 28, wherein said cell is capable of differentiation 

into astrocytes. 
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